This study investigates phytoplankton blooms following the passage of tropical cyclones in the Atlantic and Pacific Ocean basins. The variables of sea surface temperature (SST), chlorophyll (Chl-a), precipitation, and storm surface winds were monitored for two case studies, Typhoon Xangsane (2006) and Hurricane Earl (2010). Strong near-surface wind from tropical cyclones creates internal friction, which causes deep nutrient enriched waters to displace from the bottom of the ocean floor up toward the surface. In return, the abundance of upwelled nutrients near the surface provides an ideal environment for the growth of biological substances such as chlorophyll and phytoplankton. The inverse correlation coefficients of SST and Chl-a for this study are 20.67 and 20.26 for Xangsane and Earl, respectively. This suggests that, regardless of ocean basin, changing sea surface temperature and chlorophyll concentrations can be correlated to various characteristics of tropical
Introduction
The near-surface wind from tropical cyclones is one of the driving factors for deep-water upwelling, which brings an abundance of nutrient enriched sediments to the surface. Because of divergence generated by major storms, the water columns mixed layer deepens and brings cooler water to the surface, which can be evident within days following the passage of a tropical cyclone (e.g., Price 1981; Babin et al. 2004; Son et al. 2007; Lin et al. 2003) . With cooler water aloft and additional localized sediments, chlorophyll and phytoplankton concentrations can increase (Katara et al. 2008) . Implications from phytoplankton blooms may result in adverse effects on aquatic species and their ecosystems (Monaldo et al. 1997) . One significant impact includes the blockage of incoming solar radiation, which results in a disturbance of the aquatic habitat (Diersing 2009 ). In particular, the lack of sunlight affects the growth of sea grasses located on the ocean floor that is a provider of essential nutrients for various organisms. Consequently, phytoplankton blooms can significantly affect the population of species dependent on those nutrients. Wang and Zhao (Wang and Zhao 2008) investigated phytoplankton variations in the Arabian Sea associated with Hurricane Gonu (2007) and concluded that blooms may attribute to storm-induced nutrient uptake as similarly examined by Livingston (Livingston 2007) . Shi and Wang (Shi and Wang 2007) investigated hurricane-induced phytoplankton bloom in the Gulf of Mexico and pointed out that a notable phytoplankton bloom in the Gulf of Mexico was observed 4 days after the passage of Hurricane Katrina. Acker et al. (Acker et al. 2009 ) further concluded that, during the life cycle of Katrina, phytoplankton blooms enhanced nutrient supply brought up by wind-driven upwelling and vertical mixing and were identified as the only source of observed changes in ocean optical and bio-optical properties.
Nevertheless, phytoplankton blooms in association with sea surface temperatures (SST) and tropical cyclone intensity over the western Pacific and North Atlantic basins are still worthwhile for documenting. The goal of this study is to examine and document phytoplankton blooms through the usage of remote sensing data by comparing changes in SST, chlorophyll (Chl-a), maximum surface winds, and precipitation following the passage of tropical cyclones located in both the Atlantic and Pacific Ocean basins. The objectives of this study include the following: 1) examine the response of phytoplankton bloom variations in different tropical basins during the event of a subtropical cyclone and 2) demonstrate that correlations among SST, tropical cyclone intensity, and phytoplankton blooms can be distinguished by the passage of tropical cyclones. Two case studies, Typhoon Xangsane (2006) and Hurricane Earl (2010) were investigated. Section 2 will focus on the methodology and case descriptions. Section 3 will detail each case study through remote sensing observation, and section 4 will conclude all findings.
Methodology and case descriptions
In this study, tropical cyclones were chosen based on maximum wind speeds greater than 130 mph or ;58 m s 21 (i.e., category 4) and storm paths that passed over or nearby land. Storm features were chosen to provide a similar analysis based on landmass and storm intensity. Because of the large presence of clouds during tropical cyclones, composite imagery was used to account for cloud contamination. Since the utilization of remote sensing, cloud contamination has been a limiting factor to monitoring surface data. According to Ahmad and Quegan (Ahmad and Quegan 2012) , on average, 50% of Earth's atmosphere is obstructed by clouds each day; therefore, distinguishing cloud contamination is essential for research involving satellite-derived imagery. To eliminate cloud contamination, a cloudmasking product known as Moderate Resolution Imaging Spectroradiometer (MODIS) Cloud Mask was used in combination with 1-km Aqua MODIS data by generating an algorithm to examine sequences of visible and infrared thresholds (cf. MODIS Atmosphere 2013). Through the utilization of cloud-masking software, clearer imagery unbiased to scientific error was obtainable.
SST and Chl-a were generated with National Oceanic Atmospheric Administration (NOAA) online database of Environmental Research Division Data Access Program (ERDDAP), and 14-day composites of SST and Chl-a for Typhoon Xangsane were created from satellite data obtained by Aqua MODIS. High-resolution (i.e., 1 km) imagery of SST for Hurricane Earl was generated by the National Aeronautics and Space Administration (NASA) Jet Propulsion Laboratory (JPL) Regional Ocean Modeling System (NASA 2011a), and an 8-day composite from Aqua MODIS was generated for Chl-a (NOAA ERDDAP 2011). The storm paths of Typhoon Xangsane and Hurricane Earl were plotted using Weather Underground's tropical cyclone tracking application (Weather Underground 2013a; Weather Underground 2013b). Surface winds and precipitation were generated for a 4-day period to compare values during the passage of each event. Precipitation plots were based on the NASATropical Rainfall Measuring Mission (TRMM) Real-Time Multisatellite Precipitation Analysis for experimental 3-h rainfall amounts (i.e., 3B42RT; NASA 2011b), and imagery for surface winds was created from the Blended Sea Winds products (Zhang and Bates 2011) , which is composed of multiple-satellite observations.
Pacific region: Typhoon Xangsane (2006)
On 25 September 2006, an area of convection developed into a tropical depression located 322 km east of the Philippians (Dunbar 2011) . Within 36 h, this tropical depression rapidly intensified to a category 4 typhoon. Upon passing through the Philippian Islands, the storm weakened due to land interactions. However, it reintensified over the warm surface waters of the South China Sea (Lana 2007) . As Xangsane approached the coast of Vietnam, maximum sustained wind peaked to 145 mph (;64.8 m s 21 ). By 1 October, Typhoon Xangsane made landfall in Vietnam and then quickly dissipated on 2 October (Figure 1a ).
Atlantic region: Hurricane Earl (2010)
On 23 August 2010, along the western coast of Africa, an area of low pressure developed and moved toward the Atlantic Ocean as a strong tropical wave (Cangialosi and Franklin 2012) . Because of deep convection within the region of thunderstorms, the easterly wave further developed and was categorized as a tropical depression at 1200 UTC 25 August. As the tropical depression headed westward, it gained intensification because of warm sea surface temperatures and relatively moderate wind stress. On 29 August, the tropical depression was located about 407 km east of the Leeward Islands and was upgraded to a hurricane. The change in storm direction from the west to northwest was caused by a disturbance in the subtropical ridge from the remnants of Hurricane Danielle. Located north of the Leeward Islands, Hurricane Earl strengthened into a category 3 system at 0000 UTC. Within 8 h, Earl was upgraded to a category 4 hurricane at 1800 UTC (Figure 1b ). The intensity of the storm reduced on 31 August because of wind shear and then reintensified when located 700 km to the southwest of Wilmington, North Carolina, on 1 September (Cangialosi and Franklin 2012) . Following the passage of Hurricane Earl beyond the North Carolina coast, Earl rapidly weakened, as a by-product of cooler SST and drier air. The weakened storm continued northward and was located to the southeast of Long Island at 0000 UTC 4 September. By 1200 UTC, Earl reintensified again and made landfall as a weak hurricane near Nova Scotia. The dissipation of Earl occurred on 5 September when an upperlevel low interacted with the remnants of the storm. A more detailed synoptic overview of Hurricane Earl can be obtained at the National Hurricane Center.
Remote sensing measurements
3.1 Typhoon Xangsane (2006) 3.1.1. Comparison of sea surface temperature and chlorophyll
As tropical cyclones pass through oceanic basins, decreases in SST often occur because of strong forcing of wind shear near the surface (Jacob and Shay 1999) . Composite SST imagery in Figure 2 shows the response of temperature changes surrounding the case of Typhoon Xangsane. A 14-day composite from 27 September to 16 October 2006 derived from Aqua MODIS data was used to display prior storm motion, passage, and feedback responses. We will focus on the target area (13.08-17.08N, 1088-1148E) to illustrate differences in concentration prior, during, and after the event of Xangsane (Figure 3 ).
In Figure 4a , the time evolution of SST is displayed. The daily values (Table 1) were determined by calculating the overall numerical average from our sectional target region. The data were obtained from the NOAA Easier Access to Scientific Data's (ERDDAP) online database. The first evident change in SST is shown on 30 September. Typhoon Xangsane passed the target area around 1200 UTC and caused a decrease of 1.68C within a 24-h period. The following day (1 October), the averaged SST for the same location reached a minimum value of 25.78C as shown in Figure 4a . The period after 1 October demonstrated gradual increases in SST and returned to quasi-normal values by 15 October.
The time evolution of averaged Chl-a over the target area is shown in Figure 4b . On 30 September, the tropical cyclone passed into the target area ( Figure 3 ). For this date, Chl-a peaked to the second highest average value of 0.502 41 mg m 23 (Figure 4b ). This resulted in an increase of 0.273 27 mg m 23 from the prestorm concentration of 0.229 13 mg m 23 (27 September). The data series in Figure 4a , on 30 September, illustrate an inverse correlation [i.e., negative SST cooling (21.68C) with increasing Chl-a]. As cloud cover became less dominate with time (not shown), clearer imagery of chlorophyll was obtainable in the following days. In particular, concentrations remained within the range of 0.4700 mg m 23 from 1 to 5 October. On 6 October, values dropped from 0.4675 to 0.403 49 mg m 23 , which we believe was associated with oceanic circulation within the water column. On 13 October, the observed concentration was 0.2319 mg m 23 , similar to the prestorm value of 0.229 13 mg m 23 . Table 1 compares the daily averages of SST and Chl-a to numerically display the correlation between decreasing SST and increasing Chl-a concentrations. As discussed, the initial increase of Chl-a between 28 and 29 September does not appear to be induced by deep upwelling of the ocean mixed layer since SST remained at a constant temperature of 288C between 27 and 29 September. Subrahmanyam et al. (Subrahmanyam et al. 2002 ) conducted a similar study, which focused on the influence of tropical cyclone-induced variations in phytoplankton biomass in the Arabian Sea and noted comparable lag time between Chl-a concentrations and Overall, this suggests that surface wind shear from subtropical events can result in the rising concentration levels of Chl-a prior to the decrease in SST. Consequently, it has been documented that surface wind shear can mix sediments located at various depths within the water column, resulting in the transfer of particulates in shallower locations prior to the deepening of the mixed layer (e.g., Diersing 2009).
Four-day comparison
The intent of the 4-day comparison was to document the changes that occurred during the passage of Typhoon Xangsane based on surface wind and precipitation ( Figure 5 ). Images were plotted daily between 0000 and 1200 UTC for precipitation and at 0600 UTC for wind fields. The timeline for this analysis included 28 September (1 day prior to the passage), 29-30 September (storm passage), and 1 October (poststorm). The analysis begins on 28 September, which signifies the conditions prior to the arrival of Xangsane. Overall, each examined feature showed relatively stable conditions on this date. On 29 September, the tropical cyclone advanced into the target area as shown by the typhoon winds and heavy precipitation ( Figure 5 ). The surrounding center region of the storm reached maximum sustained surface winds of 25 m s 21 and accumulated a total rainfall amount of 38.39 mm. For SST, little or no change occurred ( Figure 2) ; however, Chl-a began to gradually increase.
On 30 September, Xangsane rapidly approached the coast of Vietnam. Heavy precipitation and surface winds continued to persist in the area. Conditions of the storm weakened near land, but the water region to the right showed significant changes. SST displayed a large decrease in temperature (21.68C), while Chl-a increased (10.2741 mg m 23 ) as shown in the highlighted box of Table 1 . On the final day (1 October), SST reached a minimum value of 25.68C (Figure 2) while Chl-a became more abundant and widespread.
Precipitation and wind field
Although limited information is available on how precipitation affects phytoplankton blooms in open body waters, total rainfall accumulation can be interrelated with surface winds and changes in the mixed layer (Jacob and Koblinsky 2007) . Additionally, heavy precipitation over land can cause direct runoff of sediments into rivers, estuaries, and oceans, providing added nutrients that can increase Chl-a concentrations along coastal areas (Zhao et al. 2009; Zheng and Tang 2007) . Consequently, our data suggest that runoff of heavy rainfall accumulation on land may be a contributing factor to the large concentrations of Chl-a seen after the storm passage (i.e., 1 October).
The most notable change in Chl-a occurred prior to the decrease in SST on 29 September, which we believe was influenced by the impacts of surface wind. Storm-induced shear forcing can have significant effects on the water column. Horizontal stress acting upon the surface water can directly contribute to vertical upwelling and displacement by methods of the Ekman spiral. In addition, the formation of eddies can often occur as the water column changes speed and orientation, which in return can cause further displacement and accumulation of chlorophyll (Basterretxea et al. 2002) . (2010) 3.2.1. Sea surface temperature and chlorophyll evolutions This analysis investigates changing SST from 1 to 14 September 2010 ( Figure 6 ). The dates chosen accounted for 2 days prior to (1-2 September), during (3 September), and after the storm (4-14 September). The target area (31.88-34.58N, 2848-287.58E) represents the location where most significant variations occurred.
Hurricane Earl
Numerical values of SST and Chl-a were monitored for 15 days. The comparison of SST and Chl-a provides evidence of a correlation between decreasing SST and increasing Chl-a resulting from the passage of Earl. According to calculated averages, SST initially cooled on 3 September reaching a minimum temperature of 25.98C on 7 September (Table 2) . Analysis between the start date (1 September) and minimum value (7 September) displayed a temperature decrease by 2.08C. Examining the days after the minimum value showed a ''plateau'' effect. This feature was further investigated by evaluating the temperature field, which remained relatively constant from 7 to 11 September (not shown). Since nutrients were present near the surface, it may have taken time for upwelled sediments to sink to the ocean floor, accounting for the constant value on the graph (Diersing 2009 ).
The change in Chl-a, estimated by satellite-based estimates from 31 August to 14 September 2010, is presented by satellite-derived imagery (Figure 7 ). Studying this timeline allowed us to examine 2 days prior to (31 August-2 September), during (3-9 September), and after the storm (4-14 September). The target area (31.88-34.58N, 2848-287.58E) represents the location where maximum changes in SST and Chl-a occurred. The daily values (Table 2) were determined by calculating the overall numerical average from our sectional target region. These data were obtained from the NOAA Easier Access to Scientific Data (ERDDAP) online database. For this particular case, large concentrations accumulated in the region of the Bahamas and areas along the eastern coastline. We believe that this feature occurred because of the shallow depth of the water column located along the coastline (coastal upwelling). Sediments that lie along the ocean bed in shallower regions can easily be upwelled to the surface by sea winds since the distance of sediment transport is much less; therefore, a larger abundance of chlorophyll occurs (Emelyanov 2005) . Overall, the most significant correlation is evident on 3 September (Figures 8a,b) . This validates our expectation of opposing trends due to oceanic response to the tropical cyclone. In addition, minimum (SST) and maximum (Chl-a) values both peaked on 5 September because of strong hurricane winds that resulted in cooler nutrient enriched surface waters.
Four-day comparison
The intent of the 4-day comparison was to emphasize the changes that occurred during the passage of Hurricane Earl based on surface wind and precipitation (Figure 9 ). The timeline for this analysis included the following: 2 September (1 day prior to the passage), 3 September (storm passage), and 4-5 September (poststorm). The highlighted box in Table 2 represents numerical data for the target area of maximum wind speeds, the averages of accumulated precipitation, SST, and Chl-a. Surface winds were analyzed to study how the forcing of Hurricane Earl influenced the mixed layer of the region. For consistency, daily precipitation was observed between 0000 and 1200 UTC and wind observations were at 0600 UTC. The initial start date of the analysis was on 2 September, which signifies prestorm conditions slightly influenced by the approaching hurricane. Recalling from the SST and Chl-a section, increased Chl-a concentrations initially occurred 1 day prior to the passage of Earl. This feature was investigated by examining the wind field and accumulated precipitation, which suggests that the additional abundance of Chl-a was most likely the result of surface winds (9 m s 21 ) and heavy rainfall (10.9 mm) near the coast.
Precipitation and wind field
The passage of Earl occurred on 3 September as shown by large wind fields and dark regions of precipitation (Figure 9 ). Within 24 h, a total cooling in SST of 1.08C was observed, which is distinguishable by the widespread yellow color in the target region ( Figure 6 ). Precipitation on this date was localized near the North Carolina coastline. As noted, previous studies determined that heavy rainfall from tropical cyclones could cause runoff of sediments from land to water (Zhao et al. 2009 ). In this event, the amount of Chl-a could have increased as the discharge of stormwater was transported to the ocean. Furthermore, the increase in Chl-a in the following days (4-5 September) is concentration in the region which accumulated large amounts of rainfall within close proximity to land. This further validates our theory of expecting larger concentrations along coastal regions in contrast to open-bodied waters.
Examining the wind field from 2 to 5 September displayed variability with a maximum value occurring on 3 September (;27 m s 21 ). The following days (4-5 September) showed moderately weakening forces (e.g., 10 and 6 m s 21 , respectively) and changes in ocean color for SST (yellow color) and Chl-a (dark blue color). We believe that this response was directly correlated to the feedback of the storm and, in particular, strong wind shear. 
Conclusions
The present study examined various contributing factors that induced the abundance of phytoplankton blooms following the events of tropical cyclones in the Atlantic and Pacific basins. The results showed that accumulated biomass was exclusively attributed to the response of storm passage as indicated by SST and Chl-a fluxes. A scientific understanding of studied parameters provided evidence of a correlation between oceanic basins as represented by numerical and satellitederived data.
Significant similarities for both cases included the following: trends of initial cooling SST and increasing Chl-a, response time, opposing variations (SST versus Chl-a), and prestorm Chl-a increases. Figure 10 demonstrates the inverse correlations of SST and Chl-a for both events. The inverse correlation coefficients are 20.67 and 20.26 for Xangsane and Earl, respectively. Likewise, examination of storm-generated surface winds and precipitation (4-day comparison) provided additional supporting evidence for the entrainment of phytoplankton blooms following the wake of Typhoon Xangsane (2006) and Hurricane Earl (2010).
Similarities and differences were evident from analysis of the inverse correlation plots (Figure 10) . The most notable difference is the variation in Chl-a among basins. According to Mei et al. (Mei et al. 2012) , the feedback response of SST cooling following the wake of a storm can be dependent on the rate of translation speed (storm motion). Furthermore, their research suggests that fast-moving tropical cyclone events produce less significant negative SST cooling affects than exhibited by slow-moving storms. This is evident from our research when comparing the rate of SST cooling and Chl-a fluxes between Xangsane and Earl. Notably, Typhoon Xangsane's translational speed was respectively slow moving as exhibited in our sectioned box and showed a cooling feedback of 22.68C and 10.243 65 mg m 23 within a 4-day period (Table 1) . In contrast, Hurricane Earl exhibited a fast-moving translation speed, which resulted in a lower cooling feedback response of 21.88C and 10.014 99 mg m 23 within a 4-day period ( Table  2 ). Additional parameters that may further validate our results include topography, currents, and seasonal changes within the water column; however, this analysis is beyond the scope of our study.
Overall, findings from this study document and provide evidence that variables surrounding a tropical cyclone event can induce the quantity of biological substances regardless of oceanic location. Further scientific literature that examines additional case studies (within similar and different sample regions), under the same experimental procedures and numerical experiments, may be beneficial for better understanding the overall feedback response of tropical cyclone events.
